Nobiletin enhances differentiation and lipolysis of 3T3-L1 adipocytes and improves hyperglycemia and insulin resistance in obese (ob) diabetic ob/ob mice. We investigated the effects of nobiletin on lipid metabolism and accumulation of body fat in rats. The control group was fed a 20% high-fat diet and 1% cholesterol, and the nobiletin group was fed same diet supplemented with 0.1% (w/w) nobiletin. The rats were fed for 4 weeks. Weights of epididymal, perirenal, total white adipose tissues (WAT: mesenteric, perirenal, and epididymal), and the subcutaneous WAT in the nobiletin group were significantly lower than those in the control group. This decrease was brought about by nobiletin without affecting triglyceride (TG) levels in the liver and skeletal muscle. Plasma TG levels tended to be decreased by nobiletin. The size and diameter of WAT adipocytes in the nobiletin group were significantly lower than those in the control group. This decrease may be partly due to lower lipoprotein lipase (a major determinant for the development of obesity) levels in WAT of the nobiletin group than that of the control group. Plasma levels of high density lipoprotein cholesterol and apolipoprotein A-I increased significantly with administration of nobiletin. These results suggested a beneficial effect of nobiletin on lipid metabolism. However, no significant differences were observed between the nobiletin and the control groups in proteins such as ATP-binding cassette transporter A1, and sterol regulatory element-binding protein-1 in the liver, PPARγ and tumor necrosis factor-α (TNF-α) in WAT, and adiponectin and TNF-α in plasma.
INTRODUCTION
Metabolic syndrome is a serious public health concern. It is a multiple risk factor for atherosclerotic cardiovascular disease and is characterized by atherogenic dyslipidemia, glucose intolerance, elevated blood pressure, and proinflammatory states. 1) However, many food components are believed to retard metabolic syndrome progression. These components also include 4000 types of plant flavonoids, and the physiological effects of these flavonoids on metabolic syndrome progression have been studied. 2) The in vitro anti-metabolic syndrome property that reduces insulin resistance has been reported for the flavonoid puerarin. 3) In addition, we showed that propolis containing a variety of flavonoids de- * To whom correspondence should be addressed: Department of Food Science and Nutrition, Nara Women's University, Nara 630-8506, Japan. Tel. & Fax: +81-742-20-3459; E-mail: kojo@cc.nara-wu.ac.jp creased body fat, plasma cholesterol, and plasma triglycerides (TGs) in rats fed a high-fat diet. 4) Nobiletin (5,6,7,8,3 ,4 -hexamethoxyflavone) is a polymethoxylated flavonoid (structure is shown in Fig. 1 ) found in Citrus depressa (shiikuwasa) of the citrus. Nobiletin is more easily absorbed by Caco-2 cells than other polyhydroxyflavonoids. 5) It also has beneficial anti-inflammatory, [6] [7] [8] and anti-carcinogenic 7, 8) properties and has shown neuroprotective effects against ischemia 9) or in model animals of Alzheimer's disease. 10, 11) A metabolite of nobiletin, 3 ,4 -demethylnobiletin, has anti-inflammatory and anti-tumor promotional effects. 12, 13) In addition, nobiletin enhances differentiation and lipolysis of 3T3-L1 adipocytes 14) and improves hyperglycemia and insulin resistance in obese diabetic obese (ob)/ob mice. 15) In the present study, we investigated the effects of nobiletin on lipid metabolism and accumulation of body fat in rats fed a high-fat diet. We also exam- 
MATERIALS AND METHODS
Animals and Diets --This study was approved by the Animal Care Committee of Nara Women's University.
Three-week-old male rats (SLC: S.D. strain) were obtained from Japan SLC Co. (Shizuoka, Japan). The animals were housed in a room at 24 ± 2 • C, with a 12/12 hr light-dark cycle. A standard diet was formulated according to the AIN-93G formula. 16) The composition of this diet is shown in Table 1 . The rats were randomly divided into 2 groups of 6 each. The control group was fed a 20% high-fat and 1% cholesterol diet, and the nobiletin group was fed the same diet supplemented with 0.1% (w/w) nobiletin as shown in Table 1 . Nobiletin was purified according to a previous study. 17) The rats were fed ad libitum for 4 weeks after which they were starved for 6 hr before being sacrificed. Analytical Methods --The rats were anesthetized with diethyl ether and sacrificed by collecting the blood from the inferior vena cava using a syringe containing sodium heparin as an anticoagulant. After perfusion of ice-cooled saline through the portal vein, the liver, adipose tissues, and skeletal muscles were dissected out.
Plasma cholesterol, high density lipoprotein (HDL) cholesterol, TGs, free fatty acids (FFA), and glucose were measured using commercially available diagnostic kits (Wako Chem., Osaka, Japan). TG in the liver and skeletal muscle were also measured using commercially available diagnostic kits (Wako Chem.). Cholesterol levels in the liver were measured by gas-liquid chromatography (GC-2014, Shimadzu, Kyoto, Japan) using 5α-cholestane as an internal standard. 18) Western Blot Analysis --To determine levels of peroxisome proliferator-activated receptor-γ (PPARγ), 0.2 g of adipose tissue was homogenized in 6 volumes of solubilizing buffer [1% Triton X-100, 100 mM Tris-HCl (pH 7.4), 100 mM sodium orthovanadate, 2.0 mM phenylmethylsulfonyl fluoride, and 0.1 µg/ml aprotinin] on ice. The homogenates were centrifuged at 9000 g for 15 min at 4 • C. Analysis of PPARα protein levels in the liver was performed as described previously. 19) Levels of sterol regulatory element-binding protein-1 (SREBP-1) in nuclear and microsomal fractions of the liver were determined as described previously. 20) To determine lipoprotein lipase (LPL) levels, adipose tissue and skeletal muscle were extracted as described previously. 21) Plasma apolipoprotein A-I (apoA-I) levels were determined as reported previously. 22) Levels of ATP binding cassette transporter A1 (ABCA1) protein were determined as described previously. 23) Levels of tumor necrosis factor-α (TNF-α) in adipose tissue were determined as described previously. 24) Protein concentrations were determined according to the method of Lowry et al. 25) using bovine serum albumin (BSA) as the standard.
Protein samples were electrophoresed on sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gels. After electrophoresis, the proteins were transferred to BioTrace NT membranes (Pall Gelman Laboratory, Ann Arbor, MI, U.S.A.). After blotting and treatment with blocking buffer containing 0.1% Tween-20 and 5% skimmed milk for 1 hr at room temperature, the membranes were incubated with pertinent primary antibodies and dilution buffer containing 0.1% Tween-20 and 5% BSA overnight at 4 • C. The primary antibodies used were anti-LPL (1 : 500), anti-PPARα (1 : 100), anti-PPARγ (1 : 500), anti-SREBP-1 (1 : 500), antiapoA-I (1 : 500), and anti-TNF-α (1 : 500, dilution rates are shown in parenthesis). These primary antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, U.S.A.). Anti-ABCA1 (1 : 2000) monoclonal antibody (HJ1) was purchased from Novus Biol. Inc. (Littleton, CO, U.S.A.).
The membranes were incubated with horseradish peroxidase-conjugated secondary antibody, which was anti-rabbit, anti-mouse, or anti-goat immunoglobulin G for 1 hr at room temperature.
Chemiluminescence was recorded using a cooled charge coupled device (CCD) camera system (Type AE-6972, ATTO Co. Ltd, Tokyo, Japan) and analyzed using the ATTO Densitograph Software Library, CS Analyzer Ver2.0 (Tokyo, Japan). ELISA --Plasma adiponectin levels were determined using the ELISA kit (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan). Plasma TNF-α levels were determined using the Endogen rat ELISA kit (Thermo Fisher Scientific Co., Rockford, IL, U.S.A.). Histology of Adipose Tissue --The histology of adipose tissue was determined by staining with oil red O. Statistical Analysis --The data were expressed as means ± S.E. Differences between the control and the nobiletin groups were considered significant at p < 0.05 using the Student's t-test.
RESULTS

Effect of Nobiletin on White Adipose Tissues (WAT)
After 4 weeks of feeding, no significant difference was observed in body weight between the control and nobiletin groups ( Table 2) . Daily food consumption did not significantly differ between the 2 groups (data not shown). However, weights of epididymal, perirenal, total WAT (mesenteric, perirenal, and epididymal), and subcutaneous WAT in the nobiletin group were significantly lower than those in the control group ( Table 2 ). The size and diameter of mesenteric WAT in the nobiletin group were significantly lower than those in the control group (Fig. 2) .
Effect of Nobiletin on Lipids in the Plasma, the Liver, and Skeletal Muscle
Liver weight of the control group was The nobiletin group was supplemented with 0.1% (w/w) nobiletin for 4 weeks. Values are means ± S.E. for 6 rats per group. Asterisks indicate significant difference from the control group at p < 0.05.
Fig. 2. Effect of Nobiletin on Adipocyte Size (mm 2 ) and Diameter (mm)
The nobiletin group was supplemented with 0.1% (w/w) nobiletin for 4 weeks. Adipose tissue was stained with oil red O. The nobiletin group was designated as NB and the control group was designated as CO. Values are means ± S.E. for 6 rats per group. Asterisks demonstrate significant difference from the control group at p < 0.05. The nobiletin group was supplemented with 0.1% (w/w) nobiletin for 4 weeks. Values are means ± S.E. for 6 rats per group. Asterisk indicates significant difference from the control group at p < 0.05.
18.3 ± 0.75 g, which was not significantly different from that of the nobiletin group (16.9 ± 0.80 g). In the nobiletin group, plasma cholesterol levels tended to be higher and plasma TG levels tended to be lower than those in the control group (Table 3) . The nobiletin group showed significantly increased plasma HDL cholesterol levels compared to the control group.
No significant difference was observed in liver cholesterol content between the nobiletin and control groups. Plasma glucose and FFA levels were not significantly different between the 2 groups (Table 3 ). In the liver and muscle, no significant difference was observed in TG levels between the nobiletin and control groups ( Table 3) .
Effect of Nobiletin on Proteins Involved in Lipid Metabolism
Plasma apoA-I levels in the nobiletin group were significantly higher than those in the control group (Fig. 3) . Plasma adiponectin levels were not different between the control and nobiletin groups (data not shown). ABCA1 protein levels in the liver of the nobiletin group were not significantly different from those of the control group (Fig. 4) . PPARα protein levels in the liver of the nobiletin group were significantly lower than those of the control group (Fig. 5 ), while no difference was observed in PPARγ levels in adipose tissue between these groups (data not shown). The nobiletin group showed significantly lower LPL levels in adipose tissue compared to the control group (Fig. 6) . The muscle LPL protein level of the nobiletin group was also significantly decreased compared to that in the control The nobiletin group was supplemented with 0.1% (w/w) nobiletin for 4 weeks. Values are normalized relative to the control group. The nobiletin group was designated as NB and the control group was designated as CO. Values are means ± S.E. for 6 rats per group. Asterisks indicate significant difference from the control group at p < 0.05.
Fig. 4. Effect of Nobiletin on ABCA1 Protein Levels in the Liver
The nobiletin group was supplemented with 0.1% (w/w) nobiletin for 4 weeks. Values are normalized relative to the control group. The nobiletin group was designated as NB and the control group was designated as CO. Values are means ± S.E. for 6 rats per group.
group (data not shown). No significant difference was observed in SREBP-1 levels either in the microsomal or nuclear fractions of the liver between these 2 groups (data not shown). No significant difference was observed in the TNF-α level of plasma or adipose tissue between the nobiletin and control groups (data not shown).
Fig. 5. Effect of Nobiletin on PPARα Protein Level in the Liver
The nobiletin group was supplemented with 0.1% nobiletin (w/w) for 4 weeks. Values are normalized relative to the control group. The nobiletin group was designated as NB and the control group was designated as CO. Values are means ± S.E. for 6 rats per group. Asterisks demonstrate significant difference from the control group at p < 0.05.
Fig. 6. Effect of Nobiletin on LPL Levels in Adipose Tissue
The nobiletin group was supplemented with 0.1% (w/w) nobiletin for 4 weeks. Values are normalized relative to the control group. The nobiletin group was designated as NB and the control group was designated as CO. Values are means ± S.E. for 6 rats per group. Asterisks indicate significant difference from the control group at p < 0.05.
DISCUSSION
Weight of WAT and the size and diameter of WAT adipocytes in the nobiletin group were significantly lower than those in the control group. This decrease was brought about by nobiletin without affecting TG levels in the liver and skeletal muscle. The decrease may be partly due to lower LPL (a major determinant for the development of obesity 26) ) levels in WAT of the nobiletin group than that of the control group.
PPARγ is expressed predominantly in the adipose tissue and is associated with adipocyte differentiation. 27, 28) Nobiletin induced a significant increase in PPARγ2 mRNA levels and differentiation of 3T3-L1 adipocytes 14) and ST-13 preadipocytes. 29) Nobiletin increased PPARγ mRNA levels in WAT of obese diabetic ob/ob mice. 15) In the present study, PPARγ protein levels were not affected by nobiletin, suggesting that PPARγ was not involved with decrease in WAT weight. Along with the difference in animal species, this variance may be explained by difference in nobiletin dose administered. Nobiletin was administered at approximately 80 mg/kg in the present study, whereas at 200 mg/kg in a previous study. 15) We selected the dose of 80 mg/kg for rats because this dose was the upper limit that did not elevate plasma level of aspartate aminotransferase (a marker of liver damage) levels.
Nobiletin enhanced adiponectin secretion in ST-13 preadipocytes, 29) and administration of a high dose of nobiletin to obese diabetic ob/ob mice caused an increase in plasma adiponectin levels without decreasing TNF-α mRNA levels in WAT. 15) Although WAT weight and adipocyte size were significantly decreased by nobiletin in this study, the decrease was not accompanied by an increase in plasma adiponectin levels and decrease in TNF-α levels of adipose tissue and plasma. These results showed that a low dose of nobiletin did not affect the production of these adipocytokines and inflammation in adipocyte.
Plasma levels of HDL cholesterol and apoA-I increased significantly with administration of nobiletin. These results suggest a beneficial effect of nobiletin on lipid metabolism, because HDL plays an important role in hyperlipidemia treatment as the carrier of reverse cholesterol transport. This increase in HDL cholesterol appeared to contribute to higher plasma cholesterol levels in the nobiletin group than in the control group. Although ABCA1 plays a key role in the formation of HDL in the liver, 30) nobiletin did not increase the levels of this protein in the liver. The mechanism by which nobiletin increases HDL remains to be explored.
Levels of liver SREBP-1, which regulates the transcription of genes involved in fatty acid syn-thesis, 31) were not changed by nobiletin and those of PPARα, which promotes fatty acid oxidation, 32) were decreased by nobiletin. The role played by the liver in the effect that nobiletin has on WAT is unclear at present. This is different from the case of propolis, which exhibits hypolipidemic effects in rats fed 0.5% propolis through a decrease in levels of PPARγ in WAT and SREBP-1 in the liver as well as an increase in PPARα levels in the liver. 4) In conclusion, nobiletin (0.1% in diet) administered to rats significantly reduced WAT weight and adipocyte size, partly by lowering LPL. In addition, nobiletin significantly increased HDL cholesterol and apoA-I levels. In spite of these clear effects, no significant differences were observed between the nobiletin and control groups in proteins such as ABCA1, SREBP-1, and PPARα in the liver, PPARγ and TNF-α in WAT, and adiponectin and TNF-α in plasma.
